arXiv:0908.0584v1 [hep-ph] 5 Aug 2009

, Holographic Deconfinement Temperature with Isospin and Strangeness Chemical Potentials

Kyung-il Kim Institute of Physics and Applied Physics, Yonsei University, Seoul 120-749, Korea^∗

Youngman Kim Asia Pacific Center for Theoretical Physics and Department of Physics, Pohang University of Science and Technology, Pohang, Gyeongbuk 790-784, Korea, and School of Physics, Korea Institute for Advanced Study, Seoul 130-012, Korea^†

Su Houng Lee Institute of Physics and Applied Physics, Yonsei University, Seoul 120-749, Korea^‡

Abstract

We study strange and isospin asymmetric matter in a bottom-up AdS/QCD model. We first consider isospin matter, which has served as a good testing ground for nonperturbative QCD. We calculate the isospin chemical potential dependence of hadronic observables such as the masses and the decay constants of the pseudo-scalar, vector, and axial-vector mesons. We discuss a possibility of the charged pion condensation in the matter within the bottom-up AdS/QCD model. Then, we study the properties of the hadronic observables in strange matter. We calculate the deconfinement temperature in strange and isospin asymmetric matter. One of the interesting results of our study is that the critical temperature at a fixed baryon number density increases when the strangeness chemical potential is introduced. This suggests that if matter undergoes a first-order transition to strange matter, the critical temperature shows a sudden jump at the transition point. Keywords: AdS-CFT correspondence, Deconfinement temperature, Isospin, Strangeness, Nonperturbative QCD

∗Electronic address: hellmare@yonsei.ac.kr †Electronic address: ykim@apctp.org ‡Electronic address: suhoung@yonsei.ac.kr

I. INTRODUCTION

Dense matter is one of the most challenging problems of modern physics. Understanding the properties of such matter is important for the physics of relativistic heavy-ion collisions and dense stellar objects such as neutron stars. Recent developments based on Gauge/Gravity correspondence about Anti de Sitter space (AdS) and Conformal field theory (CFT) [1] have opened a new way to study such matter in the framework of a holographic model of Quantum chromodynamics (QCD), or AdS/QCD [2, 3, 4], see Ref. [5] for a review. Also, there have been many examples of such studies on dense nuclear matter [6] and isospin matter [7, 8, 9].

Isospin matter, where μ_I (isospin chemical potential) is finite and μ_B (baryon chemical potential) is zero, was proposed by Son and Stephanov [10] as a useful setting to improve our understanding of cold dense QCD. Although a QCD system with finite μ_I and zero μ_B hardly exists in nature, it has many interesting and useful features. The standard lattice QCD technique is applicable to isospin matter, unlike to the QCD at finite baryon chemical potential. Furthermore, we can analytically study the system at very low μ_I by using chiral perturbation theory and at very high μ_I by using perturbative QCD. Therefore, it seems quite natural that one adopts the system to test a theoretical tool for its suitability to tackle the nonperturbative physics of QCD.

At the same time, strange matter has been of great interest ever since the original discussions that it could be stable [11] and form strangelets[12]. Although no proof for its existence has been found yet, heavy ion collisions at the Large Hadron Collider (LHC) could lead to its discovery as strange quarks will be amply produced if a quark-gluon plasma is formed [13]. Matter with strangeness chemical potentials is also of interest in relation to neutron stars and the phases of QCD at high density.

In this work, we first consider isospin matter, which has been well-studied by using lattice QCD and effective theories of QCD, to test our tool [3, 4]. Some part of the present work is briefly reported in Ref. [8]. We calculate the pseudo-scalar, vector and axial-vector meson masses in isospin matter and discuss the validity region of the model. We also evaluate the μ_I -dependence of the meson decay constants. Then, we study the strangeness chemical potential dependence of the hadronic observables and investigate a possible onset of strange matter or hyperonization in the AdS/QCD model. Finally, we study the effect of the isospin and the strangeness number densities on the deconfinement transition temperature.

II. ADS/QCD MODEL WITH VARIOUS CHEMICAL POTENTIALS

The action of the model given in Ref.[3, 4] is

S_5 = ∫ d^4x ∫ dzL_5 = ∫ d^4x ∫ dz √ gM_5T r[− 1 4 (L_{MN} L^{MN} + R_{MN} R^{MN} ) + 1 2 |D_M Φ|^2 − 1 2 M^2_Φ|Φ|^2], (1)

where M_5 = N_c/12π^2 and the field strength tensor is defined by L_{MN} = ∂_M L_N − ∂_N L_M + i[L_M , L_N ] with gauge fields L_M = L^a_M t^a (and similar definition on R_M ). Here, Tr(t^at^b) = δ^{ab}. Also, the covariant derivative has the form D_M Φ = ∂_M Φ + iL_M Φ − iΦR_M . The background is given by ds^2 = a^2(z) ( η_{μν} dx^μdx^ν − dz^2 ) , (2) where a(z) = 1/z and η_{μν} = diag(1, −1, −1, −1). Note that we don’t consider the backreaction due to the chiral condensate to the AdS background. In the model [3, 4], which is sometimes called the hard-wall model, the AdS_5 space is compactified such that z_0 ≤ z ≤ z_m. Here, z_0 is the UV cutoff and z_m is for the IR cutoff. In Ref.[3, 4], the IR cutoff, z_m, is fixed by the rho-meson mass. The vector- and axial-vector mesons are defined by

V_M = 1 √ 2 (L_M + R_M ),

A_M = 1 √ 2 (L_M − R_M ) . (3)

The bulk scalar field is defined by Φ = Se^{iP/v(z)}, where S and P correspond to a real scalar and a pseudoscalar, respectively. Here, the vacuum expectation value of S, v(z), depends on the quark mass matrix M and the chiral condensate Σ,

v(z) = Mz + Σz^3 . (4)

In Ref.[3], it is assumed that Σ = σE and M = m_qE, where E is the two-by-two identity matrix for N_f = 2. For N_f = 3 [14, 15, 16, 17], M and Σ are assumed to be M = diag(m̂, m̂, m_s) and Σ = diag(σ, σ, σ) or Σ = diag(σ, σ, σ_s), where m̂ = (m_u + m_d)/2. In

Ref.[15], with the choice of m_u = m_d ≠ m_s and ⟨ūu⟩ = ⟨d̄d⟩ ≠ ⟨s̄s⟩, the strange quark sector of the hard-wall model is extensively studied, and the result shows good agreement with the experiment and the lattice QCD results, except for the strange pseudoscalar mass. In Ref.[15, 16], a deformed AdS background due to the meson action is investigated with N_f = 3.

Now, we discuss how to introduce various chemical potentials into our model. For this, we first consider the QCD side, where the chemical potentials are introduced as follows:

L^μ_{QCD} = μ_uu^†u + μ_dd^†d + μ_ss^†s = (μ_q + μ_I )u^†u + (μ_q − μ_I )d^†d + μ_ss^†s , (5)

where μ_q =^1_2 (μ_u + μ_d) and μ_I ≡^1_2 (μ_u − μ_d). According to an AdS/CFT dictionary, a chemical potential in 4D QCD is encoded in the boundary value of the time component of the 5D bulk U(1) gauge field. To this end, we generalize the 5D gauge symmetry of the model [3, 4] from SU(3)_L×SU(3)_R to U(3)_L×U(3)_R [18]. As shown in Ref.[18], the time component of the bulk U(1) vector field has the following profile:

V_0 = c_1 + c_2z^2 . (6)

Then, c_1 is a chemical potential μ, and c_2 is a conjugate number density ∼ ρ. If c_1 is the quark chemical potential, then c_2 must be the quark number density, c_2 = 12π^2n_q/N_c [18].

We remark here that although the AdS/CFT dictionary states that the integration constants of the vector profile must be interpreted as a chemical potential and its conjugate density, it does not fix the values or the relation of the chemical potential and the corresponding density, which is a limitation of the present approach. In this work, we consider the baryon (or quark) chemical potential, the isospin chemical potential, and the strangeness chemical potential. To include such chemical potentials in the model, we rewrite the time component of the 5D bulk U(1) field as

V_0 = V̂_0t̂ + V^a_0 t^a

= V̂_0t̂ + V^8_0 t^8 + V^3_0 t^3 + . . . = 2Ṽ_0t̃ + √ 2V̄_0t̄ + V^3_0 t^3 + . . . , (7)

where t^a are the generators of SU(3), t̂ is the generator of the U(1) subalgebra of U(3), t̂ = diag(1/ √ 3, 1/ √ 3, 1/ √ 3), and

t̃ = 1√ 2 1 1 0 , t̄ = 0 0 1 , t^3 = 1 √ 2 1 -1 0 . (8)

From the form of redefined generators, we see that Ṽ_0 ↔ (μ̃_q, ρ_q), V^3_0 ↔ (μ̃_I , ρ_I ) and V̄_0 ↔ (μ̃_s, ρ_s). More explicitly, we write1 Ṽ_0 = μ̃_q + c_qz^2 , V̄_0 = μ̃_s + c_sz^2 , V^3_0 = μ̃_I + c_I z^2 . (9)

Among the three chemical potentials, the most interesting one might be the baryon (quark) chemical potential. To look at this, we put Ṽ_0 into the action in Eq. (1). However, Ṽ_0 does not couple to the bulk fields in the action, simply because the action contains only mesons [19]. An exceptional case is to consider the Chern-Simons couplings at finite baryon density [18]. Therefore, we consider the isospin matter to test our model in the medium because the matter has been well-studied by using various approaches [10, 20, 21, 22].

A. Isospin Matter

To study isospin matter, we turn on only V^3_0 and μ̃_I and turn off the others in Eq. (7). Then, the profile of the isospin-triplet bulk vector field is given by V^3_0 t^3 = (μ̃_I + c_I z^2)t^3 . (10) Since we cannot determine the relation between μ̃_I and c_I within our framework, we treat both of them as external parameters. For simplicity, we may borrow the relation from QCD. For example, in Ref.[10], it is given by c_I = 0 : normal phase with no pion condensation c_I = f^2_πμ̃_I (1 − m^4_π/f^4_π ) : pion condensed phase .

Now, we calculate the pion masses at small |μ̃_I | and study if pion condensation occurs as we increases |μ̃_I |. For a small isospin chemical potential, we have V^3_0 t^3 = μ̃_I t^3 . (11)

1 We use μ̃ instead of μ because our chemical potential may be different from the one in Eq. (5) by an overall normalization constant.

Although we are not able to describe the physics in the pion condensed phase with Eq. (11), we should be able to observe the onset of condensation, if it occurs. Note that if μ_I is negative, pion condensation means π^− condensation. From the action in Eq. (1), we obtain the equation of motion of the pion field in isospin matter as D ( m_±^2 + (2v^2a^2D) ± 2μ̃_I m_± ) π^± = 0, (12) D ( m^2_0 + (2v^2a^2D) ) π^0 = 0 , (13)

where D ≡ 1 − ∂_5 ( 1 2a^3v^2

∂_5a ) . Here π^± are linear combinations of π^1 and π^2, and π^0 is for the neutral pion, π^3. Note that the mass of the neutral pion is independent of μ̃_I , as it should be, because a neutral pion has a zero third component of the isospin. We can immediately read off the μ̃_I dependence of the charged pion masses from Eq. (12):

m_± = ∓μ̃_I + √ μ̃^2_I + m^2_0 , (14)

We find that the mass of π^+ increases with |μ̃_I | while that of π^− decreases as we raise |μ̃_I |. At small μ̃_I , we have m_± ≈ ∓μ̃_I + m_0, which is consistent with the observation made in Ref.[10].

Before we move on to the pion decay constant, we present some remarks here on the pion condensation. In Ref.[10], the critical isospin chemical potential μ̃^c_I for the condensation is determined by the condition that the mass of π^− be zero. In the chiral limit, m_0 = 0, we always have the pion condensation because m_− is zero for any value of μ̃_I , which is consistent with the observation made in a top-down approach [9]. With nonzero m_0, however, the mass of π^− obtained in the present work is always non-zero, unless μ̃_I goes to infinity. This means that in the present set-up, we have no pion condensation, which is quite different from what was observed in Ref.[10], in the Nambu-Jona-Lasino(NJL) model [20], in Lattice [21] and in other model calculations [22]. This may be understood as follows: At small isospin chemical potential, we may ignore the back-reaction due to V^3_0 , or the isospin chemical potential, so the AdS metric in Eq.(1) is good for describing the isospin matter. As we increase the value of the isospin chemical potential, the effect of the back-reaction of the isospin chemical potential on the metric is no longer negligible, so our expectation is that if we consider the back-reaction from the flavor sector (chemical potential or density) and work with a deformed AdS_5, as for instance in Ref.[23], then we are able to observe pion condensation in AdS/QCD. For pion condensation in dense matter other than isospin matter, we refer to Ref.[24].

Now, we calculate the μ̃_I -dependence of the pion decay constant. In matter, due to the lack of Lorentz invariance, we may define the pion decay constant as [25]

(f^{t,s}_π )^2 = − 1 g^2 ∂_zA_{0,i} z |_{z=ϵ} , (15)

where ϵ → 0 and A_{0,i} is the solution of the axial-vector equation of motion at zero 4D energy-momentum,

[a^{−1}∂_5a∂_5 − 2v^2a^2 + μ̃^2_I ]A_i = 0 . (16)

Here, A_i is the space component of the charged axial-vector (A^1, A^2), and the equation of motion of the charge-neutral axial-vector field does not depend on μ̃_I . The μ̃_I -dependent f^s_π is plotted in Fig. 1.

FIG. 1: The spatial component of the pion decay constant in isospin matter. Here, R ≡ f^s_π(μ̃_I )/f_π(0).

Finally, we consider the vector and the axial-vector mesons, especially the ρ and the a_1 mesons that are the lowest Kaluza-Klein (KK) states of the bulk vector field and the axial-vector field respectively. The KK decomposition of the bulk vector field is defined by V_μ(x, z) =^{1√}_{M5L} ∑ n f^V_n (z)V^{(n)}μ (x).

After integration by parts in the action, we obtain quadratic terms for the vector field: L_{μI V V} = M_5a 2 {V^∓_i [∂^2 − a^{−1}∂_5a∂_5 ∓ 2μ̃_I i∂_0 − μ̃^2_I ]V^±_i +V^0_i [∂^2 − a^{−1}∂_5a∂_5]V^0_i } , (17)

where V^3_0 T^3 = μ̃_I T^3 is used. Again, the charge-neutral vector field is independent of μ_I . From the quadratic action, we find

m_ρ± = m_ρ0 ∓ μ̃_I . (18)

As expected, the negatively-charged ρ-meson mass decreases with increasing |μ̃_I |. Here we observe an interesting possibility, namely, the vector meson condensation, because the mass of ρ^− is zero at |μ̃_I | = m_{ρ0} .( See Ref.[26] for a review on vector meson condensation.) As discussed previously, to discuss the physics of condensation in the present set-up, we may have to consider the back-reaction from the isospin chemical potential to the background, so any definite statement on the possibility of vector condensation has to be postponed until we successfully obtain the back-reacted (deformed) background. We refer to Ref.[9] for a discussion on vector condensation in the chiral limit in a top-down model. We also evaluate the ρ-meson decay constant in the isospin matter and find it to be independent of μ̃_I . This is obvious from Eq. (17). The corrections due to finite μ̃_I to the equation of motion for the vector field, f_n(z), are z-independent; consequently, the KK wave-function for the vector field is blind to the isospin chemical potential. For the axial-vector meson, a_1, we obtain the same results for the ρ-meson:

m_a±_1 = m_{a1}0 ∓ μ̃_I , (19)

and the a_1 decay constant is independent of μ̃_I . To complete the analysis, we need to calculate the isospin-chemical-potential dependence of scalar mesons. The scalar sector of the present model is, however, very sensitive to the details of added scalar potentials, which is to support nonzero chiral condensate in v(z), even in free space with no chemical potentials [17]. Therefore, we don’t consider the scalar sector in this work.

B. Strange Matter

We first study the strangeness-chemical-potential dependence of hadronic observables. The mass of the kaon is given by

m_K± = ∓μ̃_s + √ μ̃^2_s + m^2_0, (20)

where m_0 is the mass with no strangeness chemical potential. When μ̃_s increases, the masses of particles that contains s̄ quarks, K^+ and K^0, decrease while the masses of K^− and K̄^0, which have s quarks, increase with μ̃_s.

Similarly, we study the vector meson case and find that the masses of K^{∗−} and K̄^{∗0} increase and that those of K^{∗+} and K^{∗0} decrease with increasing μ̃_s:

m_K∗± = ∓μ̃_s + m_0 . (21)

Now, we study a transition from nuclear matter to strange matter in a simple way. The boundary action, which is nothing but the 4D grand canonical potential [18], is

S_b = 1 2 M_5Tr ∫ d^4x ( 1 z V_0∂_zV_0 ) z=ϵ = 1 2 M_5 ∫ d^4x ( 1 z (4Ṽ_0∂_zṼ_0 + 2V̄_0∂_zV̄_0 + V^3_0 ∂_zV^3_0 ) ) z=ϵ = M_5 (4μ̃_qc_q + 2μ̃_sc_s + μ̃_I c_I ) ∫ d^4x , (22)

where c_i = 12π^2ρ_i/N_c with i = q, s, I, and ρ_i is a conjugate number density of μ̃_i. Here, we turn on the isospin chemical potential and study the transition from symmetric nuclear matter to strange matter. To this end, we introduce

ρ_Q = 2ρ_q + ρ_s, ρ_q = 1 2 (1 − x)ρ_Q, ρ_s = xρ_Q . (23)

As previously mentioned, we cannot determine the relation between a chemical potential and the corresponding number density in a self-consistent way. Therefore, we have to borrow the relation from other studies using lattice QCD or models of QCD. In this work, we simply adopt the relation from a free quark gas:

μ̃_q = k^q_F = (π^2ρ_q)^{1/3}, μ̃_s = √ m^2_s + k^{s2}_F = √ m^2_s + (π^2ρ_s)^{2/3} . (24)

The relevant part of Eq. (22) to study the transition is f(x) = 2μ̃_qρ_q + μ̃_sρ_s = (1 − x)ρ_Q(π^2 1 2 (1 − x)ρ_Q)^{1/3} + xρ_Q(m^2_s + (π^2xρ_Q)^{2/3})^{1/2} .

If f(x) has an absolute minimum at a nonzero and positive x, then we have a transition at that x. We calculate the transition density at different strange quark masses to see how the transition density changes with m_s.

The value of the fixed strange quark mass shows some discrepancy in AdS/QCD studies [14, 15, 16, 17]. The discrepancy is mainly due to differences in the choices for the values of the parameters and the backgrounds in the studies. For instance, one finds m_s = 90 MeV and ⟨s̄s⟩ = (457.53 MeV)^3 in the pure AdS [15] model, m_s = 138.5 MeV and ⟨s̄s⟩ = (176 MeV)^3 in a deformed AdS [16], and m_s = 40 MeV and ⟨s̄s⟩ = (333 MeV)^3 in pure AdS background [17]. Note that in Ref.[17], ⟨ūu⟩ = ⟨d̄d⟩ = ⟨s̄s⟩ is assumed, so we choose values of m_s in the range of 50 - 150 MeV, which are introduced in other AdS Models. Then, the transition densities are

m_s = 50 MeV, c̃^c_q = 0.004 , m_s = 100 MeV, c̃^c_q = 0.035 , m_s = 150 MeV, c̃^c_q = 0.116 . (25)

Here, we have introduced the dimensionless quark number density c̃_q = c_qz^3_m. As expected, the transition density becomes larger with heavier strange quark mass. We remark, however, that the results in Eq. (25) should be taken as being very schematic because free quark gas has been assumed.

III. DECONFINEMENT TRANSITION IN DENSE MATTER

In this section, we generalize the analysis done in Ref.[27, 28] to a system with various chemical potentials. We note here that, unlike isospin matter, we turn on the baryon chemical potential, as well as the others. Therefore, even with no pion condensation, we can have ρ_I ≠ 0.

We first summarize [27, 28]. The Euclidean gravitational action is given by S_{grav} = − 1 2κ^2 ∫ d^5x √ g (R + 12) , (26) where κ^2 is the 5D Newton constant. The cut-off thermal AdS (tAdS) is given by

ds^2 = 1 z^2 ( dτ^2 + dz^2 + d⃗x^2_3 ) , (27)

and the cut-off AdS black hole (AdSBH) reads

ds^2 = 1 z^2 ( f(z)dτ^2 + dz^2 f(z) + d⃗x^2_3 ) , (28)

where f(z) = 1 − (z/z_h)^4, and z_h is the horizon of the black hole. The Hawking temperature is defined by T = 1/(πz_h). The periodicity of the compactified Euclidean time direction of the tAdS is given by β^′ = πz_h √ f(ϵ). (29)

Now, we calculate the action density V , which is defined by the action divided by the volume d⃗x^2_3. For the tAdS, we obtain

V_1 = 4 κ^2 ∫_β′ 0 dτ ∫_{zm} z_0 dz z^5

, (30)

and for the AdSBH, we have

V_2 = 4 κ^2 ∫_{πzh} 0 dτ ∫_{min(zm ,zh)} z_0 dz z^5

. (31)

Then, we arrive at

ΔV_g = V_2 − V_1 = πz_h κ^2 1 2z^4_h zm < zh

πz_h κ^2

(_1

z^4_m − 1 2z^4_h ) z_m > z_h. (32)

When ΔV_g is positive (negative), the thermal AdS (the AdS black hole) is stable [27]. Thus, at ΔV_g = 0, there exists a Hawking-Page transition. In the second case, z_m > z_h, the Hawking-Page transition occurs at

T_0 = 2^{1/4}/(πz_m) . (33)

This is the result in Ref.[27] for the hard wall model.

To study the Hawking-Page transition at finite density [28], we consider the meson action given in Eq. (1). The Euclidean action for mesons is given by S_{matter} = M_5 ∫ d^5x √ g Tr [ 1 2 |D_μΦ|^2 + 1 2 M^2_Φ|Φ^2| + 1 4 ( L_{MN} L^{MN} + R_{MN} R^{MN} ) ] . (34)

The solution of the equation of motion for the (Euclidean) time component of the U(1) bulk vector field is given by

V_τ = c_1 + c_2z^2 . (35)

In Ref.[28], c_1 is identified as the baryon (quark) chemical potential, and c_2 is nothing but the baryon number density. Following the same procedure as for the gravity action, we obtain the regularized action density as follows:

V_{v1} = πz_hM_5N_f c^2z^2_m (36)

for the tAdS and

V_{v2} = πz_hM_5N_f c^2z^2_h z_h < z_m

πz_hM_5N_f c^2z^2_m z_h > z_m

(37)

for the AdSBH. Then, the difference of the actions reads

ΔV_v = V_{v2} − V_{v1} =

−πz_hM_5N_f c^2(z^2_m − z^2_h) z_h < z_m

0 z_h > z_m. (38)

Combining Eq. (32) and Eq. (38), we obtain [28], for z_h < z_m,

ΔV = πz_h κ^2 [ 1 z^4_m − 1 2z^4_h − N_f c^2 48N_c ( z^2_m − z^2_h ) ] , (39)

where we have used 1 κ^2 = 1 8πG_5 , 1 G_5 = 32N^2_c πL^3 , and M_5 = N_c 12π^2L

. (40)

Here, the second relation is taken from Ref.[29]. From Eq. (39), it is obvious that T_c ≡ 1/(πz^0_h), where z^0_h is a solution of ΔV = 0, will depend on c_2 or the baryon number density.

Now, we extend the analysis done in Ref.[28] with the isospin and the strangeness chemical potentials. For this, we generalize Eq. (39) to obtain

ΔV = πz_h κ^2 [ 1 z^4_m − 1 2z^4_h − 1 48N_c ( 4c^2_q + 2c^2_s + c^2_I ) ( z^2_m − z^2_h ) ] . (41)

We consider a few situations that may be relevant to the physics of relativistic heavy-ion collisions and neutron stars.

First we consider the case where c_I = 0 with c_q and c_s being nonzero. Here, we introduce c_b = 2c_q + c_s and c_s = constant. We assume that the weak interaction time scale is long enough to be ignored and that the strangeness is conserved. This situation could correspond to the initial stages of a heavy-ion collision, where the initially produced strangeness is conserved. As can be seen in Fig. 2, we observe that the deconfinement temperature with

FIG. 2: The critical temperature at finite strange density. The solid line is for c̃_s ≠ 0 while the dashed line is for c̃_s = 0, where c̃_s = c_sz^3_m and c̃_b = c_bz^3_m.

finite strangeness density is higher than it is with zero strangeness density.

Second, we consider the case where c_I = 0 with c_q and c_s being nonzero and where the weak processes and charge conservation have to be considered. In studies based on QCD effective theories [30], the transition to strange matter takes place at a density around 2 − 3 times that of normal nuclear matter, and the transition is first order. To simulate such conditions, we introduce c_s = yc_b, where 0 ≤ y ≤ 1. We further assume that the transition occurs at some density c_h and that at this density, y acquires a finite value. For example, we take y = 0.1, which is close to the value in Ref.[30], to obtain Fig. 3. An interesting feature observed in Fig. 3 is that the first-order nature of the transition to strange matter leads to a cusp in T_c.

Finally, we consider the case where c_s = 0 and c_I ≠ 0. In this case, the critical temperature decreases as compared to the case with c_I = 0, as shown in Fig. 4. Similar results are

FIG. 3: The critical temperature at the phase transition to strange matter. The solid line is for the case where the phase transition occurs at c̃_h while the dashed line is for the case with no transition. We assume c̃_h = 12.

observed in a model calculation based on a hadron resonance gas [31].

FIG. 4: The critical temperature at finite isospin. The dashed line is for c̃_I = 0 while the solid line is for c̃_I ≠ 0 ( c̃_I = c_I z^3_m ) .

Closing this section, we discuss possible corrections, other than the one studied in this work, to the Hawking-Page transition temperature T_0. Note that T_0 is the transition temperature determined with the gravity action only. As is well-known, the matter action is 1/N_c sub-leading compared to the leading gravity action, so the correction to T_0 from the matter action is suppressed by 1/N_c, as shown in Eq. (41). There are, however, other sources of the 1/N_c corrections to T_0. First of all, we need to consider the effect of the back-reaction due to the matter, such as the chemical potentials and corresponding densities on the background. So far, however, a full back-reacted background in confined phase due to the chemical potentials and corresponding densities has not been found. We refer to Ref.[23] for back-reacted backgrounds in some other situations. Another source of a correction could be from 5D loops, which are completely ignored in the present work. This defect, however, seems common to studies based on AdS/CFT or AdS/QCD. Although we may not be able to calculate the corrections from the back-reaction and 5D loops in a simple manner, we have to include them to obtain complete corrections to T_0 due to the matters. Therefore, we may conclude that in the present work, we have calculated some part of the leading 1/N_c corrections due to the matters.

IV. SUMMARY

Using the AdS/QCD approach, we studied isospin and strange matters, their effects on the hadronic observables, and the critical temperature for the deconfinement transition. The isospin matter can serve as a good testing ground for the AdS/QCD approach because it has been well-studied by using lattice QCD, by using chiral perturbation theory, and by using effective models of QCD, including the NJL model. Therefore, we first considered the isospin matter and found that the mass of π^+ increases with |μ̃_I | while that of π^− decreases, which is in agreement with the results from lattice QCD and from other studies at small isospin chemical potential. When the isospin chemical potential is high enough, one may expect the pion condensation observed in the previous studies [10, 20, 21, 22]. In the chiral limit, m_0 = 0, we showed that the pion condensation occurs in the present study, which is consistent with the observations made in various studies [10, 20, 21, 22] and in a top-down approach [9]. With nonzero m_0, however, the mass of π^− obtained in the present work is always non-zero unless μ̃_I goes to infinity. Therefore, pion condensation can exist only if μ̃_I = ∞, which is not the case in Ref.[10, 20, 21, 22]. We may attribute this discrepancy to the fact that we don’t take into account the back-reaction due to the isospin chemical potential on the metric, especially when the chemical potential is large. We observed that the space component of the pion decay constant and the masses of ρ^− and a_1 decrease with increasing μ̃_I while the ρ and a_1 decay constants are independent of μ̃_I .

Then, we calculated the μ̃_s dependence of the hadronic observables and found that the dependence is similar to that of μ̃_I . We also investigated the transition from nuclear matter to strange matter in our model. The relation between the chemical potential and the density, however, could not be obtained within the present approach. For simplicity, we adopted the relation from a free quark gas and estimated the critical density for the transition. We found that the critical density was very sensitive to the mass of the strange quark, as expected.

Finally, we estimated the critical temperature of the deconfinement transition for different isospin and strangeness number densities. For the strangeness, we considered two cases that might be relevant to relativistic heavy-ion collisions and neutron stars, which are summarized in Figs. 2 and 3. At a fixed baryon number density with a finite isospin chemical potential, we found that T_c in asymmetric nuclear matter, c̃_I ≠ 0, is smaller than that in symmetric nuclear matter, c̃_I = 0.

ACKNOWLEDGEMENTS

The work of SHL and KK was supported by the Korea Research Foundation (KRF-2006- C00011). YK acknowledges the Max Planck Society (MPG) and the Korea Ministry of Education, Science, and Technology (MEST) for their support of the Independent Junior Research Group at the Asia Pacific Center for Theoretical Physics (APCTP).

[1] J. Maldacena, Adv. Theor. Math. Phys. 2, 231 (1998); S. S. Gubser, I. R. Klebanov, and A. M.

Polyakov, Phys. Lett. B428, 105 (1998); E. Witten, Adv. Theor. Math, Phys. 2, 253 (1998); J. Polchinski and M. J. Strassler, Phys. Rev. Lett. 88, 031601 (2002) [arXiv:hep-th/0109174]; A. Karch and E. Katz, JHEP 0206, 043 (2002) [arXiv:hep-th/0205236].

[2] J. Polchinski and M. J. Strassler, Phys. Rev. Lett. 88, 031601 (2002); J. Polchinski and M.

J. Strassler, JHEP 0305, 012 (2003); H. Boschi-Filho and N. R. F. Braga, Eur. Phys. J.

C32, 529 (2004); H. Boschi-Filho and N. R. F. Braga, JHEP 0305, 009 (2003); J. Babington, J. Erdmenger, Nick J. Evans, Z. Guralnik, and I. Kirsch, Phys. Rev. D69, 066007 (2004) [arXiv:hep-th/0306018]; M. Kruczenski, D. Mateos, R. C. Myers, and D. J. Winters, JHEP 0405, 041 (2004) [arXiv:hep-th/0311270]; T. Sakai and S. Sugimoto, Prog. Theor. Phys. 113, 843 (2005) [arXiv:hep-th/0412141].

[3] J. Erlich, E. Katz, D. T. Son, and M. A. Stephanov, Phys. Rev. Lett. 95, 261602 (2005) [arXiv:hep-ph/0501128].

[4] L. Da Rold and A. Pomarol, Nucl. Phys. B 721, 79 (2005) [arXiv:hep-ph/0501218]. [5] J. Erdmenger, N. Evans, I. Kirsch and E. Threlfall, Eur. Phys. J. A 35, 81 (2008) [arXiv:0711.4467 [hep-th]].

[6] K. Y. Kim, S. J. Sin, and I. Zahed [arxiv:hep-th/0608046]; N. Horigome and Y. Tanii, JHEP 0701, 072 (2007) [arXiv:hep-th/0608198]; S. Nakamura, S. Nakamura, Y. Seo, S. J. Sin, and K. P. Yogendran, J. Korean Phys. Soc. 52, 1734 (2008) [arXiv:hep-th/0611021]; S. Kobayashi, D. Mateos, S. Matsuura, R. C. Myers, and R. M. Thomson, JHEP 0702, 016 (2007) [arXiv:hep-th/0611099]; S. K. Domokos and J. A. Harvey, Phys. Rev. Lett. 99, 141602 (2007) [arXiv:hep-ph/0704.1604]; Y. Kim, B. H. Lee, S. Nam, C. Park and S.-J. Sin, Phys. Rev. D76, 086003 (2007) [arXiv:hep-ph/07062525]; Y. Kim, C. H. Lee and H. U. Yee, Phys. Rev. D77, 085030 (2008) [arXiv:0707.2637[hep-ph]]; S. J. Sin, JHEP 0710, 078(2007) [arXiv:0707.2719[hep-th]]; A. Karch and A. O’Bannon, JHEP 0711, 074 (2007) [arXiv:0709.0570[hep-th]] D. Mateos, S. Matsuura, R. C. Myers, and R. M. Thomson, JHEP 0711, 085 (2007) [arXiv:0709.1225[hep-th]]; Y. Seo and S.-J. Sin, JHEP 0804,010 (2008) [arXiv:0802.0568[hep-th]]; K. Hashimoto, Prog. Theor. Phys. 121, 241 (2009) [arXiv:0809.3141 [hep-th]]; K. Nawa, H. Suganuma and T. Kojo, Phys. Rev. D 79, 026005 (2009) [arXiv:0810.1005 [hep-th]].

[7] A. Parnachev, JHEP 0802, 062 (2008) [arXiv:0708.3170 [hep-th]].

[8] Kyung-Il Kim, Y. Kim, and S. H. Lee, ”Isospin matter in AdS/QCD,” [arXiv:0709.1772 [hepph]].

[9] O. Aharony, K. Peeters, J. Sonnenschein, and M. Zamaklar, JHEP 0802, 071 (2008) [arXiv:0709.3948 [hep-th]].

[10] D. T. Son and M. A. Stephanov, Phys. Rev. Lett. 86, 592 (2001) [arXiv:hep-ph/0005225];

Phys. Atom. Nucl. 64, 834 (2001); Yad. Fiz. 64, 899 (2001) [arXiv:hep-ph/0011365].

[11] E. Witten, Phys. Rev. D 30, 272 (1984). [12] E. Farhi and R. L. Jaffe, Phys. Rev. D 30, 2379 (1984).

[13] J. Rafelski and B. Muller, Phys. Rev. Lett. 48, 1066 (1982) [Erratum-ibid. 56, 2334 (1986)]. [14] L. Da Rold and A. Pomarol, JHEP 0601, 157 (2006). [15] J. P. Shock and F. Wu, JHEP 0608, 023 (2006). [16] Y. L. Wu and Z. F. Xie, JHEP 0710, 009 (2007). [17] E. Katz and M. D. Schwartz, JHEP 0708, 077 (2007).

[18] S. K. Domokos and J. A. Harvey, Phys. Rev. Lett. 99, 141602 (2007) [arXiv:hep-ph/0704.1604]. [19] J. B. Kogut and D. Toublan, Phys. Rev. D 64, 034007 (2001).

[20] D. Toublan and J. B. Kogut, Phys. Lett. B 564, 212 (2003) [arXiv:hep-ph/0301183];

A. Barducci, R. Casalbuoni, G. Pettini, and L. Ravagli, Phys. Rev. D 69, 096004 (2004) [arXiv:hep-ph/0402104]; A. Barducci, R. Casalbuoni, G. Pettini, and L. Ravagli, Phys. Rev. D 71, 016011 (2005) [arXiv:hep-ph/0410250]; L. y. He, M. Jin, and P. f. Zhuang, Phys. Rev. D 71, 116001 (2005) [arXiv:hep-ph/0503272].

[21] J. B. Kogut and D. K. Sinclair, Phys. Rev. D 66, 034505 (2002) [arXiv:hep-lat/0202028]. [22] B. Klein, D. Toublan, and J. J. M. Verbaarschot, Phys. Rev. D 68, 014009 (2003) [arXiv:hep-ph/0301143]; Z. Zhang and Y. x. Liu, Phys. Rev. C 75, 035201 (2007) [arXiv:hep-ph/0603252].

[23] K. Ghoroku, N. Maru, M. Tachibana and M. Yahiro, Phys. Lett. B633, 602 (2006) [arXiv:hep-ph/0510334]; J. P. Shock, F. Wu, Y. L. Wu and Z. F. Xie, JHEP 0703, 064 (2007) [arXiv:hep-ph/0611227]; Y. L. Wu and Z. F. Xie, JHEP 0710,009 (2007); S.-J. Sin, JHEP 0710, 078 (2007).

[24] A. B. Migdal, Zh. Eksp. Theor. Fiz. 61, 2210 (1971); R. F. Sawyer and D. J. Scalapino, Phys.

Rev. D7, 953 (1973); G. Baym, Phys. Rev. Lett. 30, 340 (1973); A. B. Migdal, Rev. Mod. Phys. 50, 107 (1978); D. Ebert and K. G. Klimenko, J. Phys. G32, 599 (2006); D. Ebert and K. G. Klimenko, Eur. Phys. J. C46, 771 (2006).

[25] K. Ghoroku and M. Yahiro, Phys. Rev. D73, 125010 (2006) [arXiv: hep-ph/0512289]. [26] F. Sannino, ”Review of vector condensation at high chemical potential,” hep-ph/0307053, Invited talk at High-Energy Physics Workshop on Scalar Mesons: An Interesting Puzzle for QCD, Utica, New York, 16-18 May 2003. Published in AIP Conf.Proc.688, 121 (2004). Also in *Utica 2003, Scalar mesons* 121-127.

[27] C. P. Herzog, Phys. Rev. Lett. 98, 091601 (2007)[arXiv:hep-th/0608151]. [28] Y. Kim, B. H. Lee, S. Nam, C. Park, and S. J. Sin, Phys. Rev. D76, 086003 (2007) [arXiv:hep-ph/07062525].

[29] C. Csaki and M. Reece, JHEP 0705, 062 (2007) [arXiv:hep-ph/0608266]. [30] S. Pal, M. Hanauske, I. Zakout, H. Stoecker, and W. Greiner, Phys. Rev. C60, 015802 (1999), e-Print: astro-ph/9905010 [31] D. Toublan and J. B. Kogut, Phys. Lett. B 605, 129 (2005) [arXiv:hep-ph/0409310].